Viruses isolated from ticks (Ixodes uriae) and a kittiwake (Rissa tridactyla) from a seabird colony at St. Abb's Head, Scotland, were shown by complement fixation tests (CFT) to be antigenically related to the Uukuniemi and Kemerovo serogroups. Electron microscopic examination of cell cultures infected with the Kemerovo group viruses revealed particles characteristic of orbiviruses, 72 _+ 3 nm in diam., with an inner core 37 _+ 3 nm in diam., in association with intracytoplasmic, densely staining granular areas, and with fibrillar and tubular structures. Cell cultures infected with the Uukuniemi group viruses revealed characteristic bunyavirus particles, 94 +_ 7 nm in diam., with a closely adherent envelope. Both orbi-and bunyaviruses were isolated from two tick pools and the kittiwake. A third tick pool contained an orbivirus which cross-reacted with the other isolates in CFT and fluorescent antibody tests, but was distinguished from them by neutralization tests.
INTRODUCTION

Ixodes (Ceratixodes) uriae
hard' tick, is a widely distributed parasite of Laboratories; Xenopus laevis and Aedes albopictus cell cultures were obtained originally from M. Pudney (London School of Hygiene and Tropical Medicine) and have been maintained in this laboratory for several years; primary calf kidney (CK) cell cultures were obtained from D. Luther (Institute for Research on Animal Diseases, A.R.C., Compton, Berks). All cultures were grown at 37 °C except the Aedes and Xenopus cells which were grown at 28 °C. BHK cell cultures were grown in Eagle's medium (Glasgow modification) supplemented with 10% tryptose phosphate broth; Vero and primary chick embryo fibroblast (CEF) and liver (CEL) cell cultures were grown in Eagle's minimum essential medium with Earle's salts; MRC-5 cell cultures in Eagle's basal medium with Earle's salts; DE cell cultures in Leibovitz's medium L-15 supplemented with 10% tryptose phosphate broth; Aedes cell cultures in Mitsuhashi and Maramorosch medium, All media were obtained from Gibco-Biocult and supplemented with 10% heat-inactivated foetal calf serum.
Isolation procedures. Ticks were pooled according to stage and sex (Table 1 ). Blood was taken from the kittiwake which was then killed and the brain removed. The tick pools and the brain and blood clot were homogenized separately in either Earle's basic salt solution (EBA) or phosphate-buffered saline containing 0.4% bovine plasma albumin, 200 units/ml penicillin, 200 /~g/ml streptomycin, 200 /~g/ml kanamycin, and 200 units/ml mycostatin (PBSA). Clarified suspensions were inoculated into 1-to 3-day-old Swiss-bred mice [S/Swiss/ADR or Pathology Oxford (P.O.) strain], 0.01 ml intracerebrally (i.c.) and 0.02 ml subcutaneously. When inoculated mice showed clinical signs of infection the brains were removed and homogenized to form a 20% suspension in PBSA. Second passage infected suckling mouse brain (SMB) was inoculated into a variety of cell cultures which were observed for development of a cytopathic effect and then examined by electron microscopy. The viruses were titrated by plaque enumeration in either Vero or Xenopus cell cultures in Linbro plates (Flow Laboratories) with Leibovitz's medium supplemented with 3 % foetal calf serum and 0.75 % (w/v) carboxymethylcellulose (BDH).
Electron microscopy. Infected cells were pelleted at 2000 g. One mm 3 portions were removed from the mid-brain region of infected SMB. The SMB and cell pellets were fixed in 2% glutaraldehyde followed by 1% osmic acid; 0-2 M-phosphate buffer pH 7.2 was used as a diluent for the fixatives and for intermediate washes. Fixed cells were dehydrated in a graded ethanol series, placed in acetone, and embedded in Epikote. Sections were cut on a Reichert Ultracut microtome, collected on grids, and stained with 2 % (w/v) uranyl acetate and lead citrate. Stained sections were examined on a JEOL 100CX electron microscope at 100 kV.
Physicochemical properties. These were studied using essentially the methods described by Borden et al. (1971) but with virus grown in cell culture.
Serological tests. Antigens were prepared from infected SMB by either Arcton 113 (Porterfield & Rowe, 1960) or sucrose-acetone (Clarke & Casals, 1958) extraction. Immune ascitic fluids (AF) were prepared as described by Shope & Sather (1979) using Landschultz's strain of Ehrlich's ascites cells.
Haemagglutination tests were performed with either chicken or goose red blood cells in the pH range 5.4 to 7.4, at 4 °C and 37 °C, according to the method of Clarke & Casals (1958) modified for the microtechnique.
Complement fixation tests were performed using essentially the method described by Grist et al. (1979) Immunofluorescent antibody tests (IFAT) were performed by the indirect technique using fluorescein-conjugated horse anti-mouse globulin (Gibco-Biocult), and infected Vero cell cultures grown on coverslips.
Neutralization tests were performed using the plaque reduction technique (de Madrid & Porterfield, 1969) in Linbro plates. Equal volumes of virus (either infectious SMB or cell culture supernatant) and twofold dilutions of heat-inactivated AF were allowed to react together for either 1 h at room temperature or overnight (18 to 20 h) at 4 °C and then titrated in either Vero or Xenopus cell cultures.
RESULTS
Inoculation of mice
Viruses were isolated from 15 of 32 pools of L uriae by inoculation of 2-day-old mice.
Three of the tick pools (Table 1) were selected for further study. The virus isolates not studied further were from unengorged nymphs collected on 24.8.75 (10 of 28 pools each of two nymphs), and from unengorged nymphs (one pool of five) and adult male ticks (one pool of five) collected on 27.9.79. All the mice inoculated with 1/10 and 1/100 dilutions of either the brain or clotted blood homogenates from the kittiwake became uncoordinated and were harvested. Only the isolate from the brain was subjected to further studies and was designated GM710. Two-day-old mice inoculated i.c. with the third SMB passage of the isolates showed clinical signs of infection either 2 days (FT363) or 5 days after inoculation ( Table 2 ). The titre of virus was approx. 7.0 log~o p.f.u./brain. Virus isolated from inoculated SMB produced plaques in Vero but not in Xenopus cell cultures, except M349 which produced plaques in Xenopus but not Vero cells.
Infectious virus was also isolated from AF of 6-week-old female mice hyperimmunized with either FT254 or FT363 for production of immune ascitic fluid (Table 2 ). Infectivity was removed by heat-inactivation at 56 °C for 1 h (FT363) and 2.5 h (FT254). Clarified homogenates of infected SMB passed once in BHK cell cultures remained infectious for 2-day-old mice yielding 8.1, 8.0 and 8.8 log~0 p.f.u./brain with FT254, FT363 and GM710 respectively.
Inoculation of cell cultures
The results of infecting different cell cultures with infectious SMB varied according to the cell line used for titrations (Table 3) . Isolate FT363 replicated in all the cell lines except Xenopus. Isolates FT254 and GM710 replicated in all the cell lines; after replication in Xenopus cells they produced plaques in Xenopus but not in Vero cell cultures, whereas, after replication in the two chick embryo cell lines they produced plaques in both Xenopus and Vero cell cultures. Isolate M349 was similar to FT254 and GM710 except that it did not show any evidence of replication in MRC-5 cells, and a greater proportion of infected cultures produced plaques in Xenopus compared with Vero cell cultures. None of the isolates showed evidence of replication in Aedes albopictus cell cultures.
In Vero cell cultures, isolates FT254 and M349 produced clear, well-defined plaques approx. 1 mm in diam., 4 days after infection; GM710 produced plaques similar in size but faint when stained, and FT363 produced clear, diffuse plaques approx. 2 to 5 mm in diam.
( Fig. 1 ). Plaque morphology in Xenopus cell cultures was similar for FT254, GM710 and M349 ( Fig. 1 d) . ~" -, < 1.0 log10 p.f.u./ml when titrated in Vero and Xenopus cells.
Electron microscopy
Sectioned inoculated cell cultures were examined for the presence of virus (Table 4 ). The majority of cultures infected with either FT254, FT363 or GM710 contained particles characteristic of orbiviruses. M349-infected cultures, and CEL and CEF cell cultures infected with FT254, contained bunya-like virus particles and, in the case of M349-infected Vero, BHK and Xenopus cultures, both bunya-and orbivirus particles.
The orbivirus particles comprised a dense inner core, 37 i 3 nm (mean of 50 particles) in diam., surrounded by a less densely staining shell 72 ± 3 nm in diam. (Fig. 2, 3 ). The majority of orbivirus particles were intracellular, and often associated with tubular and fibrillar structures, and with densely staining granular areas. The fibrils, 33 + 4 nm in diam., had a densely staining axis surrounded by a fringe of projections (Fig. 2) ; the tubules, 60 _+ 5 nm in diam., appeared as empty shells in cross-section (Fig. 3 a) . Orbivirus particles were observed budding from the cell membranes of BHK and Vero cells infected with either FT254 or GM710 (Fig. 3 b) , but not with FT363.
The bunyavirus particles were approximately spherical, 94 _+ 7 nm in diam. (mean of 30 particles), with a closely adherent membrane surrounding a densely staining granular area 
* Morphology characteristic of either orbivirus (0) or bunyavirus (B) (see Fig. 2 to 4) ; -, virus not observed. (Fig. 4) . Some particles appeared to be 'empty' and some had an outer fringe of projections. Most of the bunyavirus particles observed were extracellular. Examination of SMB infected with either FT254 or FT363 revealed a few orbivirus particles in the mid-brain region. Orbivirus particles were also observed in sections of Vero cells inoculated with A F from mice inoculated with either FT254 or FT363 (Table 2) .
Physicochemical properties
After three passes in Xenopus cells, isolate M349 produced plaques in Xenopus but not in Vero cells; electron microscopic examination of the infected Xenopus cells revealed the presence of the bunyavirus but not the orbivirus. The bunyavirus was examined, therefore, by treating this isolate (passed three times in Xenopus cells) with various physicochemical agents and then titrating the virus in Xenopus cell cultures. The orbiviruses were examined by using the third Vero cell passage of the other isolates (which showed no evidence of bunyaviruses, by electron microscopy, and did not plaque in Xenopus cells), and titrating them in Vero cell P. A . (Table 5 ). Isolate F T 3 6 3 was inactivated by ether whereas F T 2 5 4 and G M 7 1 0 were only slightly affected. II 14 mM-HEPES pH 3 (compared with HEPES pH 7.4) for 3 h at 4 °C.
N U T T A L L A N D O T H E R S
The bunyavirus from isolate M 3 4 9 was inactivated by treatment with either ether, chloroform or sodium deoxycholate, but was relatively resistant to p H 3 buffer.
Haemagglutination tests
N o n e o f the isolates haemagglutinated either goose or chicken red blood cells under the conditions tested.
Complement fixation tests
All the isolates, except F T 3 6 3 , p r o d u c e d strong cross-reactions in C F T (Table 6) the isolates. Although M349 SMB antigen did not react with Kemerovo group immune AF, an orbivirus cloned from this isolate reacted at 32/8 (reciprocal of A F titre/reciprocal of antigen titre). Isolate FT363 was the only one not to react with Uukuniemi group immune AF. Complement-fixing antigens prepared from SMB were tested for infectivity. The bunyaviruses were completely inactivated by sucrose-acetone extraction whereas the orbiviruses were relatively resistant, titres varying between 3 and 7 log~0 p.f.u./ml.
Immunofluorescent antibody tests
Vero cell cultures infected with the orbiviruses from each of the four isolates fluoresced when treated with either the homologous or heterologous immune AF. The fluorescence was concentrated in discrete areas within the cytoplasm (Fig. 5) .
Neutralization tests
The orbiviruses in each of the isolates were compared by plaque reduction neutralization tests titrated in Vero cell cultures (Table 7) . When virus and A F were allowed to react 135 * Reciprocal of dilution of ascitic fluid which produced a 50% reduction in number of plaques compared with the control, untreated virus. Titres were determined with either the orbivirus in infected Vero cell cultures or the bunyavirus in infected Xenopus cell cultures (titres underlined).
together for 1 h at room temperature only FT363 was neutralized by its homologous AF (neutralizing titre > 1/516); the other orbiviruses were not neutralized by either homologous or heterologous AF even at dilutions of AF of 1/8. However, neutralization was observed when virus and AF were allowed to react overnight at 4 °C: isolates FT254, GM710 and M349 cross-reacted although the neutralizing titre of AF raised against GM710 was 16 times greater with GM710 than with FT254 and M349 viruses. Isolate FT363 showed one-way cross-neutralization: AF raised against FT363 neutralized the other isolates whereas AF raised against the other isolates did not give significant neutralizing titres with FT363 virus. The bunyaviruses in each of the isolates were compared by neutralization tests (1 h at 4 °C) titrated in Xenopus cell cultures (Table 7) . They showed extensive cross-neutralization and did not react with AF raised against FT363.
DISCUSSION
Ticks (L uriae) from St. Abb's Head Wildlife Reserve were infected with a bunyavirus, and at least two antigenically distinct orbiviruses. Two of three tick pools were infected with both orbi-and bunyaviruses (FT254, M349), as was the kittiwake (GM710). The isolation of orbiand bunyaviruses from male I. uriae (FT254) is likely evidence of transstadial transmission since male L uriae do not take a blood meal.
The orbiviruses cross-reacted in CFT with the Kemerovo subgroup. This group currently contains 18 viruses (Matthews, 1979) , all of which have been isolated from ticks, and one of which (Kemerovo virus) is of public health importance (Chumakov et al., 1963) . Cross-CFT reveal the presence of three antigenic complexes (Kemerovo, Chenuda and Wad Medani) within the Kemerovo subgroup (Casals, 1971) . These complexes reflect the type of tick species from which the viruses were originally isolated (Hoogstraal, 1973) . The Kemerovo complex includes a group of viruses maintained in seabird colonies by L uriae. On ecological grounds, the orbiviruses from St. Abb's Head belong to this latter group, together with Cape Wrath virus (Main et al., 1976 a) , the only other virus of the Kemerovo serogroup reported to occur in the U.K.
The bunyaviruses cross-reacted in CFT with the Uukuniemi (UUK) serogroup. This serogroup belongs to the proposed genus, Uukuvirus (Bishop et al., 1980) which contains seven subtypes, three of which (Zaliv Terpeniya from East U.S.S.R., Oceanside from North-West U.S.A., and EgAn1825-61 from Africa) were isolated from either seabirds or 'seabird' ticks. This is the first record of UUK group viruses in the U.K.; bunyaviruses of the Hughes serogroup have been isolated from seabird colonies in Scotland, Wales and Southern Ireland (Main et al., 1976b; Converse et al., 1976; Keirans et al., 1976) . None of the UUK group is known to cause disease although antibodies to UUK virus have been demonstrated in man and domestic animals (Sekeyova et al., 1970; Berge, 1975; . P. A. NUTTALL AND OTHERS The orbiviruses isolated from St. Abb's Head were shown to be related by crossneutralization tests; however, none of the isolates showed complete homology. At least two antigenically distinct viruses appeared to be present: one virus in isolates FT254 and M349, a second in FT363 and possibly a third in GM710. This conclusion is based on differences between homologous and heterologous neutralizing titres of at least 16-fold. Moreover, the homologous neutralizing titre of AF raised against FT363 was not affected by the time virus and AF were allowed to react together, whereas the other isolates were only neutralized by FT363 AF when the reaction occurred overnight. This difference in the time taken for neutralization to occur indicates a significant antigenic difference between FT363 and the other isolates (McBride, 1959) . FT363 was also distinguished from the other orbiviruses by its sensitivity to ether, a characteristic of several Kemerovo-group viruses (Main et al., 1973; Yunker et al., 1973) , and by plaque morphology in Vero cells.
In contrast to the orbiviruses, the bunyaviruses isolated from St. Abb's Head could not be distinguished from each other by cross-neutralization tests. Both the orbi-and bunyaviruses replicated in a wide variety of cell lines. Vero and Xenopus cells were chosen for routine work because they could be used to select out one of the two virus types since the orbiviruses replicated preferentially in Vero cells, and the bunyaviruses in Xenopus cells. The orbivirus observed in M349-infected Xenopus cells, by electron microscopy, was not detected after passage in Xenopus cells. The bunyaviruses from M349 replicated in a greater variety of cell lines than the bunyaviruses isolated from FT254 and GM710. This may have been due to the relative concentrations of orbi-and bunyaviruses in the isolates, and to interference by one virus with the replication of the other. The low concentrations of virus in certain infected cultures explains why virus was not detected in them by electron microscopy despite their ability to produce plaques in Vero and/or Xenopus cells.
The orbiviruses exhibited morphological features and physicochemical properties characteristic of their taxonomic group Borden et al., 1971) . Replication of the orbiviruses appeared to be concentrated in discrete areas within the cytoplasm. This was indicated by the distribution of fluorescence observed in IFAT, and the presence of densely staining granular areas, associated with fibrils and virus particles, observed by electron microscopy. It was difficult to distinguish the mode of morphogenesis of the bunyavirus because the majority of virus particles were extracellular although, occasionally, intracellular particles were observed within vacuoles.
The isolates examined were collected over a period of 5 years. The presence of segmented genomes in both orbi-and bunyaviruses increases the probability that, over this period, genetic reassortment has occurred giving rise to new virus types. In addition, 'new' viruses may have been introduced by birds visiting other seabird colonies. Thus, the study of viruses in a seabird colony provides a unique opportunity to study the interactions between different families, and within families, of viruses, and the 'evolution' of new viruses. In addition, the isolation of orbi-and bunyaviruses from a kittiwake raises the question of their pathogenicity for seabirds and the influence they may have on seabird populations.
